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Abstract.The effect of surface modification due to fretting wear behaviour of coated SCMV (High 
Strength Alloy Steel) with interlayer is investigated by simulation using Abaqus Software on a 
cylinder on flat contact configuration under gross sliding conditions. The effect of interlayer 
stiffness and the surface modification are analysed with the focus on the interlayer stress failures 
and its associated stresses behaviour. Tangential stress and shear stress are predicted to reduce with 
the increase of numbers of wear cycles due to the effect of contact conforming. Stresses in the 
interlayer are predicted to increase with the interlayer stiffness due to the function of the interlayer 
as the load bearer. 
Introduction 
Fretting results from cyclic relative displacement between two contacting bodies which induces 
damage at and/or near the contact surface [1]. It is a special case of fatigue wear at the surface, 
where the distance of reciprocating sliding is typically smaller than the contact length [2]. At the 
contact, the reciprocating friction load produces surface stresses that can result crack and fretting 
fatigue. They are numbers of parameters affecting the behaviour of fretting condition but the most 
commonly discussed are the contact normal load, friction of the contacting surfaces and the sliding 
amount in the contact surfaces. The behaviour resulted from the changes in the parameter 
mentioned generally categorised under two conditions which are partial slip and gross sliding 
condition [3]. Partial slip fretting occur under high normal load and small displacement amplitude 
while gross sliding fretting occur under low normal load and high displacement amplitude [2, 3].  
Depending on contact surface conditions (i.e. surface finish, coefficient of friction, etc.) and 
mechanical variables (i.e. applied bulk stress, normal force and relative displacement), fretting 
damage can be either crack nucleation and growth leading to catastrophic failure, or fretting wear 
(permanent material loss), or combination of both. The former is generally referred to as fretting 
fatigue which results in reduction of fatigue life or strength relative to conventional or plain fatigue 
limits [2] and generally occurred under partial slip condition. Cracking induced by fretting (CIF) is 
cracks which initiated on the surface that can be propagated up to the final failure of the specimen.  
Fretting wear causes material removal and leads to a loss of fit, even though it may improve 
fatigue strength or life for gross sliding condition [3]. Fretting wear appears when the cracks at the 
surfaces result in wear particles [2, 3]. The fretting damage can be described as a wear induced by 
fretting (WIF) is related to the presence of debris powder. It can be described as the removal of 
superficial oxide layers and the increased metal-to-metal contact.  
Coating is a covering that is applied to the surface of an object, usually referred to as the 
substrate. In many cases coatings are applied to improve surface properties of the substrate, such as 
appearance, adhesion, wettability, corrosion resistance, wear resistance, and scratch resistance [5, 
 6]. To control fretting, surface coating is considered as a way to delay the fretting damage [5]. 
Coating can be used to modify interaction with the surrounding atmosphere and to decrease the 
coefficient of friction. The value of the friction coefficient controls the amount of the total energy 
dissipated in the contact and the wear rate. It also reduces the stresses experienced by substrate thus 
reducing fatigue damage. Fretting also modified the substrate due to the changes in the mechanical 
properties of the mechanical upper layers (and then the contact area) and introduces the residual 
stresses, the role of which in a crack propagation mechanism and wear mechanism is very 
significant [6].  
Interlayer is a layer placed between two layers i.e. the coating top layer and the substrate. An 
interlayer has two functions which are to increase the bonding strength between the coating and the 
substrate and to reduce the interfacial intrinsic stress [6]. Also, an interlayer can accommodate the 
stresses at the coating or substrate interface. However, it is a concern to make sure the interlayer 
does not fail before the failure of the coating to ensure its functionality to provide support for the 
coating. It is in particular interest to investigate the evolution of the stresses associated with 
interlayer failure with the changes of surface geometry due to gross sliding fretting wear.  
Finite Element (FE) modelling of fretting wear has been conducted by [7, 8] covering partial slip 
and gross sliding cases for Ti-6Al-4V and high strength steel SCMV for uncoated case. FE 
modelling of fretting wear of coated substrate has been studied by [9, 10] for gross sliding 
condition. It is predicted that the reduction of stresses in the substrate is achieved by the reduction 
of contact friction and from the contact conforming due to the wear. The failure of shear 
delamination of the coating however is predicted to increase with wear due to the effect of surface 
discontinuities at the wear scar edges. FE modelling of coated substrate with interlayer with the 
effect of surface geometry changes has been conducted in [11] with the focussed on the stresses 
behaviour in the coating. It shows that stiffer interlayer will reduce stresses in the coating and 
generally with wear cycles. This paper presented here is focussed on the FE modelling of coated 
substrate with interlayer in the view of interlayer failure prediction with the changes of contact 
surfaces due to fretting wear. 
Finite Element Modelling 
The finite element analysis modelling is conducted using ABAQUS software with the approach 
similarly described in [11]. The geometries models are the cylinder and flat specimen as shown 
schematically in Fig. 1. The cylinder is modelled as a half circle with a radius of 6 mm and the flat 
is a rectangular shape of 12 × 6 mm in dimension. The coating and interlayer are modelled as a 
double layered of 4 µm thickness each and assumed to have homogeneous materials properties and 
perfectly adhered to each other for a width of 1.2 mm. 
SCMV (high-strength alloy steel) with Young’s modulus of 200 GPa and Poison’s ratio of 0.3 is 
modelled as the substrate material. The coating’s stiffness modelled is 100 GPa and the material 
interlayer stiffness, Ei is in the range of 50 GPa to 400 GPa with Poison’s ratio of 0.2 for both the 
coating and the interlayer. In this study, only linear elastic response is considered. Contact friction 
coefficient (COF) of 0.3 is assigned between the contact surfaces of the flat and cylinder 
representing are typical COF value for Diamond-like Carbon (DLC) based coating.  
Concentrated force of a 50 N/mm acting downwards is applied at the centre of the top cylinder 
which is assigned as ‘point load’. Displacement of 17.5 µm in positive and negative x-direction is 
applied in the subsequent steps to simulate cyclic motion. The bottom half of the flat geometry is 
constrained in the x and y-directions. All the nodes on the top cylinder specimen are constrained to 
move horizontally and vertically together with linear constraint equation. 
The mesh size for elements in the coating and interlayer are 4 m square meshes to give high 
sensitivity on the stresses predicted in the contact region (Fig. 2). Comparative FE studies have 
established that the contact (surface and sub-surface) variable results in the coating regions are 
 unaffected by this simplification [9, 10, 11]. Plane strain and linear quadrilateral elements were 
used for mesh. Mesh sensitivity study has been conducted for mesh size of 1 m, 2 m and 4 m 
square meshes and found that less than 10% difference in the stress gradient is predicted between 1 
m and 4 m square meshes while significant save in simulation time is achieved with 4 m mesh.  
The FE model validation is carried out by comparing the predicted contact pressure distribution 
for the case of monolithic substrate with the theoretical solution of [12]. For the case of coated 
substrate, predicted stress distribution in the coating for unworn case with and without interlayer 
stiffness of 100 GPa is compared with [13]. Both cases predicted similar results. 
The effect of surface modification due to wear is included by taking the wear profiles which are 
adapted from [9] and is applied at the contact surfaces at the specific number of cycles of 0
th
, 
10,000
th
, 20,000
th
, 50,000
th
, 100,000
th
 and 200,000
th
 cycles (Fig. 3). These wear profiles is predicted 
by explicitly modelled the surface modification using wear coefficient of 1.14x10
-9
 MPa
-1
 which is 
drawn down from experimental results conducted by [9]. Thus by assuming the interlayer presence 
has insignificant effect in altering the wear amount due to the contact become conforming under 
gross sliding condition, it is sufficient to use the wear profiles predicted at a given cycle to simulate 
the effect of surface degradation. 
 
 
 
 
 
Fig. 1. Schematic view of the cylinder on flat 
coated substrate model. 
 
Fig. 2. Cylinder on flat coated substrate FE model 
Results 
The stresses behaviour of particular interest in the study are i) maximum tangential stress, xx(max) in 
the interlayer which associated with the failure of the interlayer by tensile fracture, ii) minimum 
tangential stress, xx(min) in the interlayer which associated with interlayer failure by compressive 
buckling and iii) maximum shear stress, xy(max) in the interlayer which associated with the 
delamination failure of the interlayer. The effect of interlayer stiffness (Ei) starts with 50 GPa, 100 
GPa, 200 GPa and 400 GPa at different wear profiles of 0
th
 , 10,000
th
, 20,000
th
, 50,000
th
, 100,000
th
 
and 200,000
th
 cycles on the predicted stress is presented. All the predicted stresses studied are at the 
flat surface during the contact at the maximum sliding position in the positive x-direction and taken 
at the centroidal point of meshes on the interlayer i.e. 6 m from the surface. 
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Fig. 3. Wear profile for flat specimen taken from 
[9]. 
 
Fig. 4.Tangential Stress (xx) distributions in the 
interlayer for the case of 100 GPa interlayer. 
 
 
Tangential Stress (xx).The plot of predicted tangential stress in the interlayer as the contact is 
moving to maximum positive x-direction for the case of 100 GPa interlayer is shown in Fig. 4 for 
different number of cycles. General trends are similar as predicted in [9, 10] where compressive 
stress region is at the leading edge of contact while tensile stress region at the trailing edge of 
contact. The stress is also predicted to reduce with increasing number of cycle while the location of 
maximum and minimum stress region is widening due to increasing of contact area due to wear. 
The 0
th
 cycle obtained the highest maximum stress with 65 MPa at x = -0.058 mm. While for 
200,000
th
 cycles the maximum stress drop to 31 MPa at x = -0.126 mm.  
Fig. 5 shows the maximum tangential stress value predicted for different interlayer stiffness at 0
th
, 
10,000
th
, 20,000
th
, 50,000
th
, 100,000
th
 and 200,000
th
 cycles. The value is taken from individual plot 
of predicted tangential stress at the interlayer for every interlayer stiffness’s modelled at the 
centroidal points of interlayer mesh layer. The highest predicted maximum tangential stress on the 
interlayer is for the interlayer with stiffness of 400 GPa. With increasing number of cycles, the 
predicted stress reduces by almost 50% from the predicted stress of unworn case. It is also predicted 
that the predicted maximum tangential stress in the interlayer is reducing with reducing interlayer 
stiffness values. However the percentage reduction of the predicted tangential stress with cycles for 
all the interlayer stiffness modelled is similar i.e. close to 50% reduction. 
Fig. 6 shows the minimum tangential stress value predicted in the interlayer for all interlayer 
stiffness studied with increasing number of wear cycle. The value is also taken from individual plot 
of predicted tangential stress at the interlayer for every interlayer stiffness’s modelled at the 
interlayer mesh layer centroidal points. The trends predicted are similar as on the predicted 
maximum tangential stress values (Fig. 5). The stiffest interlayer will experienced highest 
compressive stress and it is predicted to reduce with reducing interlayer stiffness. 50% reduction of 
stress also predicted for all the stiffness modelled as the cycles increase from 0
th
 cycle to 200,000
th
 
cycles. 
   
 
Fig. 5.Maximum tangential stress, xx(max) value of 
worn model for each case of interlayer stiffness 
modelled. 
 
Fig. 6.Minimum tangential stress, xx(min) value of 
worn model for each case of interlayer stiffness 
modelled. 
Shear Stress (xy).Based on the result of predicted shear stress in the interlayer for the case of 
100GPa interlayer stiffness on Fig. 7, it shows that 0
th
 cycle obtains the highest maximum shear 
stress with value of 139 MPa at position of x = 0.026 mm i.e. instantaneous centre of contact while 
the contact is at the its positive maximum displacement. The predicted shear stress is taken at the 
interlayer mesh layer on centroidal point. At 10,000
th
 cycle, the maximum shear stress drop about 
25% to 104 MPa at magnitude x = 0.106 mm which is the instantaneous leading edge of contact. 
The sharp peak leading edge are also predicted at 10,000
th
, 20,000
th
, 50,000
th
, and 100,000
th
 cycles 
but missing on 200,000
th
 cycle. At 200,000
th
 cycles the maximum shear stress drops to 61 MPa at 
magnitude x = -0.17 mm located close to the leading edge of contact. 
Fig. 8 shows the predicted maximum shear stress for different interlayer stiffness studied at 
different number of cycles. The predicted maximum shear stress values are taken from the 
individual plot of shear stress distribution for every individual interlayer stiffness’s modelled (for 
example Fig. 7 for the case of 100 GPa). The maximum shear stress predicted generally reducing 
with cycle for all case of interlayer stiffness’s modelled. At 0th cycle and 200,000th cycle all the 
interlayer stiffness model predicted similar maximum shear stress value. At 10,000
th
, 20,000
th
, 
50,000
th
 and 100,000
th
 cycles, the stiffest interlayer predicted highest maximum shear stress and is 
reducing with reducing interlayer stiffness. 
 
 
 
 
Fig. 7. Shear Stress (txy) distributions in the interlayer 
for the case of 100 GPa interlayer. 
Fig. 8. Maximum shear stress, txy(max) value of 
worn model for each case of interlayer stiffness 
modelled. 
Maximum Tangential Stress, xx(max) Minimum Tangential Stress, xx(min)
Shear Stress, xy Maximum Shear Stress, xy(max)
 Discussions 
The current work demonstrate the finite element analysis capability as a tool to study the stress 
behaviour experienced in the interlayer for contact of a coated substrate with different interlayer 
stiffness. The significant of this stress behaviour predicted is to relate with the stress associated with 
the failure of the interlayer with the changes of surface geometry due to wear and changes of 
interlayer stiffness. 
In general it is predicted that all the stresses predicted are reducing with the number of cycles. 
This is in agreement with work by [9, 10] for the coated case without interlayer which explained 
that as the contact surface being worn, it becomes more conforming and greater contact area, thus 
reducing overall stress level.  
On the effect of interlayer stiffness, the tangential stress predicted in the interlayer is increasing 
with increasing interlayer stiffness due to the greater support capability from the applied load on the 
stiffer coating, rather than the load being transfer to the substrate. From Figs. 5 & 6 of predicted 
maximum and minimum tangential stress predicted in the interlayer, the similar percentage 
reduction of maximum stress value for all the interlayer stiffness modelled with wear cycle further 
explains on this phenomenon. The benefit of reduction in contact pressure due to conforming 
contact [9, 10] directly translated in the reduction in the stress in the interlayer thus explains the 
behaviour. 
The shear stress predicted in Figs. 7 & 8 show the stresses are reducing with number of cycles but 
increases with the interlayer stiffness. The behaviour resulted from the same phenomenon discussed 
for the tangential stress. The main source of shear stress component is coming from frictional force 
as the contact sliding. Therefore, the frictional load is mainly contained within the coating only. 
This is also explains on the missing sharp peak edge on shear stress distribution at the leading edge 
of contact since the normal load component reduces. The change of location on the predicted 
maximum shear stress of the interlayer at 200,000
th
 cycle from the leading edge to a location inside 
the contact region (Fig. 7) is also due to the effect of less normal load applied from the reduction in 
contact pressure due to the wear. This can also be a plausible explanation on the convergence of 
maximum shear stress value to a common value at 200,000
th
 cycle. However, the complex 
interaction between normal load and tangential load with the shear stress distribution in the 
interlayer makes it difficult to qualitatively explain the uneven percentage reduction of maximum 
shear stress predicted with wear for different interlayer stiffness modelled.  
Summary 
Finite element analysis of coated substrate with interlayer under gross sliding fretting condition 
has been studied with the focussed on the tangential and shear stress predicted in the interlayer. The 
effect of interlayer stiffness and contact surface modification due to wear has been investigated and 
the following conclusion can be made: 
• The tangential and shear stress predicted are reducing with increasing number of wear cycles 
due to the effect of contact conforming. 
• The maximum and minimum tangential stress predicted in the interlayer is increasing with 
interlayer stiffness due to function of the interlayer as the load bearer. 
• Similar percentage reduction in the predicted tangential stress in the interlayer with increasing 
number of cycle is due to direct benefit of contact confirming pressure reduction  
• The shear stress predicted in the interlayer is predicted to reduce with increasing wear cycle 
and reduction of interlayer stiffness. 
• The maximum shear stress predicted in the interlayer is converging for all the interlayer 
stiffness modelled is due to less profound effect of normal load on the shear stress distribution 
• The rate of reduction in the maximum shear stress is difficult to quantify due to complex 
interaction between normal and tangential load. 
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